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(57) Abstract 

A one-way valve for use in a medical pump system, said valve comprising: 
an outer sheath, defining and enclosing a lumen therein, and comprising one or 
more radial opening; and an elastic outer sleeve, which adheres to an outer, radial 
surface of the sheath to cover the radial openings, closing the valve, wherein 
in response to an increase of a fluid pressure inside the lumen, the outer sleeve 
stretches outward, exposing the radial openings, so that fluid flows out of the valve 
in a direction determined by the sleeve, and wherein the valve is adapted to control 
the direction of flow. 
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WO 98/28034 PCT/IL97/00408 

VALVE FOR A HEART ASSIST DEVICE 
FIELD OF THE TNVFNTTfYNI 
The present invention relates generally to devices and systems for augmenting cardiac 
output, and specifically to valves for use in intra-ventricular cardiac assist pumps. 
5 BACKGROUND OF THE INVENTION 

Intra-aortic and intra-ventricular cardiac assist devices are well known in the art. These 
devices are generally used to reduce the heart's work load after insult or surgery. They may 
also be used to increase blood flow from the left ventricle of the heart into the aorta in cases of 
insufficient cardiac output due, for example, to acute or chronic heart ailments or to 
10 interference with normal cardiac function during surgery. 

One of the best-known and most widely-used intra-aortic pump systems is the Intra- 
Aortic Balloon Pump (IABP), comprising a catheter, having an inflatable balloon at its distal 
end, which is inserted through an artery into the aorta. The balloon is then alternately inflated 
and deflated by an external pump drive, so as to alternately block and unblock blood flow 
1 5 through the aorta, in synchrony with the beating of the heart, in order to assist the left ventricle 
in propelling blood into the arterial system. The IABP, however, provides only limited 
augmentation of the heart's natural, unassisted output, and is not adequate for overcoming 
heart failure. 

U.S. patent 4,014,317, which is incorporated herein by reference, describes a 
cardiocirculatory assist cannula with a balloon pump and cardiac pacing electrode. The 
cannula is inserted percutaneously through the aorta so that its distal end is inside the left 
ventricle of the heart. During systole, inlet valves on the cannula inside the left ventricle open, 
and the contraction of the ventricle forces blood to flow into the cannula. Then, during 
diastole, the blood flows out, into the aorta, through one or more outlet valves along the 
25 cannula downstream from the inlet valve. A gas-fijled balloon, similar in function to the IABP 
described above, is connected to the cannula downstream of the outlet valves. The balloon is 
typically inflated during diastole and deflated during systole, to assist in perfusion of the 
coronary arteries. The cannula has a small stroke volume, however, and relies on the 
contractile force of the heart to pump the blood. It is therefore of limited usefulness in 
30 augmenting the blood output of a weakened or failing heart. 

U.S. patent 4,906,229, which is also incorporated herein by reference, describes a high- 
frequency transvalvular axisymmetric blood pump. The pump includes a small internal 

l 
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volume, which may be alternately expanded and reduced by pneumatic or hydraulic pressure, 
which is exerted via a flexible membrane radially surrounding the volume. The volume has 
intake and outlet ends, with one-way axial valves at both of the ends, so that blood can flow 
only from the heart into the aorta. The pump is connected via the one-way intake valve to a 
5 cannula, which is inserted into the left ventricle of the heart through the aortic valve. When 
the internal volume is expanded, blood flows into the pump from the ventricle. The volume is 
then reduced, and the blood is ejected into the aorta through the outlet end. This pump is 
designed to operate at a frequency of 600 to 1,000 cycles per minute. Since the stroke volume 
of the pump is typically only about 3-5 cc, these high cycle rates are needed in order to provide 
10 adequate perfusion. 

In the Hemopump Cardiac Assist System, distributed by Johnson & Johnson 
Interventional Systems, a cannula containing a special, miniature rotor pump mechanism is 
inserted into the aorta. The pump is driven by a drive unit outside the body, to pump blood 
continuously from the aorta into the rest of the arterial system, thereby supplementing the 

15 heart's natural output rate. A system of this type is similarly described in U.S. patent 
5,092,844, which is incorporated herein by reference. While continuous-flow devices are 
useful for short-term augmentation of cardiac output, however, it is medically known that 
pulsatile pumps provide more effective long-term support, since they approximate more 
closely the natural pump action of the heart. 

20 U. K. patent 1,370,546, which is incorporated herein by reference , describes heart 

assist apparatus that includes a pump for cardiovascular pumping of the blood and, 
communicating with the pump, a catheter, which is inserted into ventricle of the heart. The 
catheter includes an inlet valve for drawing blood from into the catheter from the left ventricle 
and an outlet valve for discharging the blood into the aortic arch. The outlet valve consists of 

25 slotted openings in the catheter, closed by elastic tongues on the outside of the catheter. 
Overpressure within the catheter, generated by the action of the pump, causes the elastic 
tongues to open outward, so that the blood is discharged through the openings. 

U. S. Patent 3,995,617, which is also incorporated herein by reference, describes a 
method and device for augmenting the action of the heart. A catheter, whose proximal end is 

30 connected to a reciprocating pump, is inserted through the aortic valve into the left ventricle of 
the heart. During systole, the pump creates suction so that blood is drawn into the catheter 
through an inlet valve at the distal end of the catheter, which is positioned in the left ventricle. 
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During diastole, the pump pressure is increased, and blood is expelled through a plurality of 
outlet valves into the aorta. The outlet valves consist of a multiplicity of openings along the 
side wall of the catheter, covered by externally located rubber or flexible plastic cylinders or 
boots. The outward pressure generated in the catheter by the pump causes the cylinders or 
boots to expand outward, so that the outlet valves open. 

The above cardiac assist devices generally make no provision for controlling or 
adjusting the direction of blood flow from the pump into the arterial system. The valves 
associated with the pumps are capable of directing blood flow out of the pumps only in a 
fixed, generally downstream, direction. 

SUMMARY OF THF INVENTION 
It is an object of the present invention to provide an adjustable, one-way valve, 
particularly for use in medical pump systems and cannulae. 

In some aspects of the present invention, the one-way valve serves as an outlet valve of 
a cannula associated with a cardiac assist pump system. The valve is constructed or adjusted 
to control the direction of blood flow out of the cannula. 

As described in PCT publication WO 97/02850, which is incorporated herein by 
reference, in some preferred embodiments of the present invention, an intraventricular cardiac 
assist pump comprises a cannula, whose distal end is inserted through the aorta into the left 
ventricle, and a pulsatile drive unit, coupled to the cannula at the proximal end thereof. The 
cannula comprises an outer sheath, defining and enclosing an internal lumen, having at least 
one intake valve, adjacent to the cannula's distal end, and one or more outlet valves, disposed 
radially along the length of the cannula, downstream from the intake valve. The pulsatile drive 
unit alternately reduces and increases the fluid pressure in the cannula. When the pressure is 
reduced, the at least one intake valve opens, while the one or more outlet valves are closed, 
and blood flows through the intake valve into the lumen of the cannula. The pressure in the 
cannula is then increased, causing the intake valve to close and the outlet valves to open, so 
that blood flows out of the lumen into the aorta. 

Preferably, the drive is synchronized with the heart beat, so as to draw blood into the 
lumen of the cannula during systole and eject the blood into the aorta during diastole. 

Alternatively, the drive may be counter-synchronized, so as to draw blood into the 
lumen during diastole and eject it during systole, or the drive may be operated asynchronously, 
independent of the heart beat. 
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In preferred embodiments of the present invention, the cannula comprises a flexible, 
resilient tube having a diameter in the range of 15-30 French (5-10 mm). It is preferably 
inserted percutaneously through the femoral artery, into the aorta, and then through the aortic 
valve into the left ventricle of the heart. Alternatively, the cannula may be inserted elsewhere 
into the arterial or venous system through a suitable surgical incision. 

The at least one intake valve of the cannula may comprise a mechanical flap, leaflet or 
other valve type known in the art or described in the above-mentioned PCT patent application. 

The outlet valves of the cannula comprise radial openings along the length thereof, 
which are covered and closed by a flexible, elastic outer sheath, preferably made of 
biocompatible rubber. The sheath is preferably held in place by a clamp, for example, a 
squeeze ring, along a portion of its length. Alternatively, the sheath may be glued or otherwise 
fastened in place. 

Normally, the elasticity of the outer sheath covering the outlet valves causes it to 
adhere radially to the outer surface of the cannula, thereby closing the outlet valves. When the 
pressure inside the lumen of the cannula is increased, however, the pressure of the blood exerts 
an outward force on the sheath through the radial openings. This force causes the sheath to 
stretch outwards, allowing the blood to flow out of the lumen. 

By adjusting the position of the squeeze ring, the direction of blood flow out of the 
outlet valves may be adjusted. In some preferred embodiments of the present invention, the 
squeeze ring is positioned at or near the upstream end of the sheath. Thus, the downstream 
end of the sheath stretches outward when the pressure inside the lumen is increased, thus 
directing the blood flow out of the cannula in a generally downstream direction. In other 
preferred embodiments of the present invention, the squeeze ring is at or near the downstream 
end of the sheath, so that the upstream end thereof stretches outward when the pressure is 
increased, and blood flow is directed in a generally upstream direction. Alternatively or 
additionally, either the upstream or the downstream end of the sheath may be thickened and/or 
stiffened, so that the other, more flexible end of the sheath will stretch outward preferentially 
when the pressure in the lumen is increased. 

Furthermore, in still other preferred embodiments of the present invention, the squeeze 
ring is positioned in a predetermined location intermediate the upstream and downstream ends 
of the sheath. The location is chosen so as to direct the blood flow in a desired proportion 
between the upstream and downstream directions. Additionally or alternatively, the sizes, 
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number and/or positions of the radial openings in the cannula may be chosen so as to produce 
the desired upstream/downstream proportion, in cooperation with the sheath. 

In some preferred embodiments of the present invention, the pump, cannula and outlet 
valve structure described above are used to enhance circulation in the coronary arteries, for 
5 example, in a subject at risk for infarction. The cannula, having its outlet valve structure 
adjusted to provide outflow in the upstream direction, is inserted into the aorta of a subject. 
Preferably, the pump drive operates in a counter-synchronized mode, so that blood is pumped 
out of the cannula into the aorta during diastole. Under these conditions, the blood flowing out 
of the outlet valve will flow preferentially into the coronary arteries. Other types of pumps, 
10 known in the art, may similarly be used for this purpose. 

Although preferred embodiments are described herein with reference to a cardiac assist 
pump system, it will be appreciated that valves in accordance with the principles of the present 
invention may be used in other types of medical fluid flow devices, as well. 

There is therefore provided, in accordance with a preferred embodiment of the 
15 invention, one-way valve for use in a medical pump system, said valve comprising: 

an outer sheath, defining and enclosing a lumen therein, and comprising one or more 
radial openings; and 

an elastic outer sleeve, which adheres to an outer, radial surface of the sheath to cover 
the radial openings, closing the valve, 
20 wherein in response to an increase of a fluid pressure inside the lumen, the outer sleeve 

stretches outward, exposing the radial openings, so that fluid flows out of the valve in a 
direction determined by the sleeve, and 

wherein the valve is adapted to control the direction of flow. 

Preferably, wherein the one or more radial openings comprise at least a first opening, 
25 adjacent a proximal axial end of the sleeve, and a second opening, adjacent a distal axial end 
of the sleeve, such that when the sleeve stretches outward, fluid exiting the first opening flows 
out of the valve in the proximal direction, and fluid exiting the second opening flows out of the 
valve in the distal direction, in a desired proportion of proximal to distal flow. 

Preferably, wherein the first and second openings are of different sizes, such that the 
proportion of fluid flowing out of the valve in the proximal direction to that flowing out in the 
distal direction is determined by the relative sizes of the first and second openings. 
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In a preferred embodiment of the invention, the valve comprises a retaining ring, 
circumferentially engaging a portion of the sleeve so as to hold the sleeve in place relative to' 
the sheath, wherein the axial position of the retaining ring along the sleeve is adjustable so as 
to control the flow of fluid out of the valve. 

There is further provided, in accordance with a preferred embodiment of the invention 
a one-way valve for use in a medical pump system, said valve comprising: 

an outer sheath, defining and enclosing a lumen therein, and comprising one or more 
radial openings; and 

an elastic outer sleeve, which adheres to an outer, radial surface of the sheath to cover 
the radial openings, closing the valve, 

wherein in response to an increase of a fluid pressure inside the lumen, the outer sleeve 
stretches outward, exposing the radial openings, so that fluid flows out of the valve in a 
direction determined by the sleeve, 

wherein the one or more radial openings comprise at least a first opening, adjacent a 
proximal axial end of the sleeve, and a second opening, adjacent a distal axial end of the 
sleeve, such that when the sleeve stretches outward, fluid exiting the first opening flows out of 
the valve in the proximal direction, and fluid exiting the second opening flows out of the valve 
in the distal direction, in a desired proportion of proximal to distal flow, and 

wherein the first and second openings are of different sizes, such that the proportion of 
fluid flowing out of the valve in the proximal direction to that flowing out in the distal 
direction is determined by the relative sizes of the first and second openings. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a cannula pump comprising: 

a cannula comprising having an inner lumen formed therein; 
an inlet valve communicating with the lumen; and 
an outlet valve as provided above communicating with the lumen. 
There is further provided in accordance with a preferred embodiment of the invention a 
method for controlling fluid flow out of a cannula, comprising: 

opening one or more radial openings in an outer sheath of the cannula, communicating 
with a lumen thereof; 
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fitting a flexible outer sleeve over the cannula, so as to cover the one or more radial 
openings, wherein the sleeve stretches outward, exposing the openings, responsive to an 
increase in fluid pressure in the lumen; 

determining a desired direction of fluid flow out of the lumen; and 
5 fixing the sleeve to the sheath in a position such that the sleeve directs the fluid flow 

out of the lumen in the desired direction. 

Preferably, opening the one or more radial openings comprises opening at least two 
openings of different sizes, responsive to the desired direction of fluid flow. 

Preferably, fixing the sleeve to the sheath comprises altering the position at which the 
1 0 sleeve is fixed to the sheath so as to adjust the direction of fluid flow. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a method for injecting fluid into a vessel having a flow of liquid generally in a normal flow' 
direction, comprising: 

connecting a cannula, having distal and proximal ends and having an intake and a 
15 directional outlet valve, to a pump drive at the proximal end of the cannula; 
inserting the distal end of the cannula into the vessel; 
filling the cannula with the fluid; and 

ejecting the fluid through the outlet valve of the cannula into the vessel in a generally 
upstream direction, opposite the normal direction of flow in the vessel. 
Preferably, the vessel is a blood vessel, preferably, the aorta. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a method for augmenting blood flow into a coronary artery, comprising: 

connecting a cannula, having distal and proximal ends and having an intake and a 
directional outlet valve, to a pump drive at the proximal end of the cannula; 

inserting the cannula through the aorta, so that the distal end of the cannula is inside the 
left ventricle of the heart; 

drawing blood from the ventricle into the cannula through the intake valve thereof; and 
ejecting the blood through the outlet valve of the cannula into the aorta in a generally 
upstream direction, so that the blood perfuses the coronary artery. 

Preferably, drawing blood and ejecting blood are performed repeatedly, in alternation. 
In a preferred embodiment of the invention, drawing blood into the cannula comprises 
drawing blood during systole, and ejecting blood comprises ejecting blood during diastole. 

7 
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The present invention will be more fully understood from the following detailed 
description of the preferred embodiments thereof, taken together with the drawings in which: 

BRIEF DESCRIP TION OF THE DRAWINGS 
Fig. 1 is a schematic representation of a cardiac assist pump system, including a 
cannula having an outlet valve assembly in accordance with a preferred embodiment of the 
present invention, illustrating the insertion of the cannula into the heart of a subject; 

Fig. 2A is a schematic, partly sectional representation of the valve assembly of Fig. 1, 
shown in a first, closed position, in accordance with a preferred embodiment of the present' 



invention; 

Fig. 2B is a schematic, partly sectional representation of the valve assembly of Fig. 2A, 
shown in a second, open position; 

Fig. 2C is a schematic, partly sectional representation of the valve assembly of Fig. 2A, 
in an alternative configuration thereof, shown in an open position; 

Fig. 2D is a schematic, partly sectional representation of another valve assembly, in 
accordance with a preferred embodiment of the present invention; and 

Fig. 3 is a schematic, partly sectional representation of yet another valve assembly, in 
accordance with a preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMROnTMFMTQ 
Reference is now made to Fig. 1, which is a schematic representation of a cardiac assist 
pump system 18, including an intra-aortic cannula 20, which is inserted into heart 40 of a 
subject, in accordance with a preferred embodiment of the present invention. Cannula 20 
comprises an outer sheath 22, which defines and encloses an inner lumen 24. Preferably 
cannula 20 has a diameter in the range of 15-30 French (5-10 mm) and is made of flexible, 
resilient material, for example, polyurethane reinforced with stainless steel wire, so that it can' 
be inserted into and passed through major arteries of the human body. Cannula 20 further 
includes a one-way intake valve 26, preferably axially disposed, adjacent to its distal end 28 
and a one-way outlet valve assembly 30, radially disposed along sheath 22 of the cannula' 
Cannula 20 is coupled at its proximal end to a pump 32, which functions to increase and 
decrease, in alternation, the pressure in lumen 24. 

System 18 and pump 32 are described in greater detail in the above-mentioned PCT 
publication, incorporated herein by reference. It will be understood, however, that any suitable 
type of pump or fluid pressure source, as are known in the art, may be used in place of pump 
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32. Furthermore, although preferred embodiments are described herein with reference to 
cardiac assist pump system 18, it will be appreciated that valves in accordance with the 
principles of the present invention may be used in other types of medical fluid flow devices, as 
well. 

5 Cannula 20 is preferably inserted percutaneously, through an incision into a peripheral 

artery 42, for example the femoral artery, and passed upstream through aorta 44 into left 
ventricle 46 of heart 40. The method of insertion is substantially similar to methods for 
insertion of other types of cardiac cannulae known in the art. Once cannula 20 is in place, 
intake valve 26 is opened, and blood flows from ventricle 46 into lumen 24. Preferably outlet 
10 valve assembly 30 is kept closed while the blood fills the lumen. Then intake valve 26 is 
closed and outlet valve assembly 30 is opened, so that the blood may flow out of the lumen 
and into aorta 44. 

Figs. 2A, 2B and 2C schematically illustrate valve assembly 30, in accordance with a 
preferred embodiment of the present invention. Valve assembly 30 comprises a flexible, 
elastic outer sleeve 102, which covers and closes radial openings 104 and 105 in sheath 22 of 
cannula 20, which openings serve as outlet valves. Preferably, sleeve 102, is made of latex, 
silicone, or other biocompatible rubber, and is held in place by a squeeze ring 106. 
Alternatively, the sleeve may be glued or otherwise fastened in place. 

In Fig. 2A, the pressure in lumen 24 has been reduced so that blood may be drawn in 
through intake valve 26, as described above. The elasticity of sleeve 102 causes it to adhere 
radially to the outer surface of cannula 20, so that outlet valve assembly 30 remains closed. 

In Fig. 2B, however, the pressure of the blood inside lumen 24 has been increased. 
This pressure exerts an outward force on sleeve 102 through openings 104 and 105, causing 
the sleeve to stretch outward, and thus opening outlet valves 30. The shape of sleeve 102 as it 
stretches outward will generally deflect the blood ejected from lumen 24 through openings 1 04 
in a distal direction, i.e., in a generally upstream direction, and that ejected through openings 
105, in a proximal, generally downstream direction. 

In Fig. 2C, valve assembly 30 is shown in an alternative configuration, in which 
squeeze ring 106 is repositioned axially along sheath 22 so that the ring covers openings 105. 
Ring 106 may be repositioned in any desired location between the distal and proximal ends of 
sheath 102. The location is chosen so as to direct the blood flow out of cannula 20 in a desired 
proportion between the distal and proximal directions. In the case shown in Fig. 2C, when 

9 
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shea,h 102 opens, ,h= blood flow ou, of the cannula is directed in a socially disnti 
direction. 

Fig. 2D is a schematic, partly sectional illustration showing another valve assembly 31 
- accordance win, another preferred embodiment of the present invention. Valve assembly 3,' 
> * substantially similar in design and operation to assembly 30 shown in Figs. 2A-2C except 
that m assembly 31, proximal openings 105 are substantially smaller than distal openings 104 
As a resuh, when valve assembly 31 opens, as shown in Fig. 2D, substantially mom bloc* will 
flow ou, of cannula 20 in the distal direction man in the proxima! direction. The sizes of the 
opemngs arc preferably chosen to give a desired proportion of distal to proxima. flow in 
.« cooperation with sheath ,02. This proportion may be greater man or less man one 
Addmonally or alternatively, the number and/or positions of opentngs 104 and 105 may be 
chosen so as to produce the desired distal/pmximal pmportion. Squeeze ring 106 on valve 
assembly 31 may also be moved to adjust the flow proportion, as described above. 

Fig. 3 is a schematic, partly sectional illustration showing a directional flow valve 
.5 assembly 60, which may be substituted for vaive assembly 30 in cannula 20, in accordance 
wtm another preferred embodiment of the present invention. The principles of operation of 
valve assembly 60 are similar to those of assembly 30. described above. Assembly 60 
however, includes only distal openings 104, without proximal openings 105. Alternatively or 
addmonally, a proximal portion of sleeve ,02 may be thickened and/or stiffened, relative to a 
20 more flexib.e distal portion, which stretches outward in response to the pmasure in lumen 24 
and/or the proxima, portion of the sleeve may be glued in place. 

When cannula 20 is inserted into aorta 44, as s how„ in Fig . j, jt will be observed ^ 
when valve assemb.y 60 opens, blood flowing ou, of openings 104 wi.l he dircccd by sleeve 
102 ,n a generally upstream direction, against the nonnal direction of blood flow By directing 
» tire flow in this manner, me pension of me coronary arteries 48 may be enhanced 
Preferably, pump 32 is operated in a counter-synchmnized mode relative to ,he beating of 
heart 40, so tha, Wood flows ou, of valve assembly 60 during diastole. Because flow and 
pressure in aorta 44 are normally a, their ,owest ,eve,s during diastole, counter-synchronous 
operation of.be puntp will aUow stionger blood flow „p Stream ^ camiuIa 20 ^ 
30 arteries 48. 

I, will be appreciated that the configuration of valve assembly 60 may be revemed so 
that blood flows only ou, of openings ,05, in a proxima, («yp ically downstreaIn) 
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Valve assemblies 30 and 31, as described above, may also be configured and/or adjusted to 
direct blood flow in a similar manner. 

It will further be appreciated that the preferred embodiments described above are cited 
by way of example, and the full scope of the invention is limited only by the claims. 
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CLAIMS 

1. A one-way valve for use in a medical pump system, said valve comprising: 

an outer sheath, defining and enclosing a lumen therein, and comprising one or more 
radial openings; and 

an elastic outer sleeve, which adheres to an outer, radial surface of the sheath to cover 
the radial openings, closing the valve, 

wherein in response to an increase of a fluid pressure inside the lumen, the outer sleeve 
stretches outward, exposing the radial openings, so that fluid flows out of the valve in a 
direction determined by the sleeve, and 

wherein the valve is adapted to control the direction of flow. 

2- A valve according to claim 1, wherein the one or more radial openings comprise at 
least a first opening, adjacent a proximal axial end of the sleeve, and a second opening 
adjacent a distal axial end of the sleeve, such that when the sleeve stretches outward fluid 
eating the first opening flows out of the valve in the proximal direction, and fluid exiting the 
second opening flows out of the valve in the distal direction, in a desired proportion of 
proximal to distal flow. 

3. A valve according to claim 2, wherein the first and second openings are of different 
sues, such that the proportion of fluid flowing out of the valve in the proximal direction to that 
flowing out in the distal direction is determined by the relative sizes of the first and second 
openings. 

4. A valve according to any of the preceding claims, and comprising a retaining ring 
circumferential* engaging a portion of the sleeve so as to hold the sleeve in place relative to' 
the sheath, wherein the axial position of the retaining ring along the sleeve is adjustable so as 
to control the flow of fluid out of the valve. 

5. A one-way valve for use in a medical pump system, said valve comprising: 

an outer sheath, defining and enclosing a lumen therein, and comprising one or more 
radial openings; and 
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an elastic outer sleeve, which adheres to an outer, radial surface of the sheath to cover 
the radial openings, closing the valve, 

wherein in response to an increase of a fluid pressure inside the lumen, the outer sleeve 
stretches outward, exposing the radial openings, so that fluid flows out of the valve in a 
5 direction determined by the sleeve, 

wherein the one or more radial openings comprise at least a first opening, adjacent a 
proximal axial end of the sleeve, and a second opening, adjacent a distal axial end of the 
sleeve, such that when the sleeve stretches outward, fluid exiting the first opening flows out of 
the valve in the proximal direction, and fluid exiting the second opening flows out of the valve 
1 0 in the distal direction, in a desired proportion of proximal to distal flow, and 

wherein the first and second openings are of different sizes, such that the proportion of 
fluid flowing out of the valve in the proximal direction to that flowing out in the distal 
direction is determined by the relative sizes of the first and second openings. 

15 6. A cannula pump comprising: 

a cannula comprising having an inner lumen formed therein; 
an inlet valve communicating with the lumen; and 

an outlet valve in accordance with any of the preceding claims communicating with the 
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lumen. 



7. A method for controlling fluid flow out of a cannula, comprising: 

opening one or more radial openings in an outer sheath of the cannula, communicating 
with a lumen thereof; 

fitting a flexible outer sleeve over the cannula, so as to cover the one or more radial 
openings, wherein the sleeve stretches outward, exposing the openings, responsive to an 
increase in fluid pressure in the lumen; 

determining a desired direction of fluid flow out of the lumen; and 
fixing the sleeve to the sheath in a position such that the sleeve directs the fluid flow 
out of the lumen in the desired direction. 
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8. A method according to claim 7, wherein opening the one or more radial openings 
comprises opening at least two openings of different sizes, responsive to the desired direction 
of fluid flow. 



9 A method according to claim 6 or claim 7, wherein fixing the sleeve to the sheath 
comprises altering the position at which the sleeve is fixed to the sheath so as to adjust the 
direction of fluid flow. 

1 0. A method for injecting fluid into a vessel having a flow of liquid generally in a normal 
direction, comprising: 

connecting a cannula, having distal and proximal ends and having an intake and a 
directional outlet valve, to a pump drive at the proximal end of the cannula; 
inserting the distal end of the cannula into the vessel; 
filling the cannula with the liquid; and 

ejecting the liquid through the outlet valve of the cannula into the vessel in a generally 
upstream direction, opposite the direction of normal flow in the vessel. 



11. A method according to claim 10 wherein the vessel is a blood vessel and the liquid 
blood. 



12. A method for augmenting blood flow into a coronary artery, comprising: 

connecting a cannula, having distal and proximal ends and having an intake and a 

directional outlet valve, to a pump drive at the proximal end of the cannula; 

inserting the cannula through the aorta, so that the distal end of the cannula is inside the 

left ventricle of the heart; 

drawing blood from the ventricle into the cannula through the intake valve thereof; and 
ejecting the blood through the outlet valve of the cannula into the aorta in a generally 
upstream direction, so that the blood perfuses the coronary artery. 

13. A method according to claim 12, wherein the steps of drawing blood and ejecting 
blood are performed repeatedly, in alternation. 
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14. A method according to claim 12 or claim 13, wherein drawing blood into the cannula 
comprises drawing blood during systole, and wherein ejecting blood comprises ejecting blood 
during diastole. 
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